Isoproterenol caused a dose-dependent increase in FP A, P A and POBF (p < 0.001). The association between the induced changes in FPA and PA or POBF was highly significant.
Methods Pneumotonometry and laser interferometry were performed in young healthy subjects during breathing of 100% Oz (n = 10; hyperoxia) and of 5% COz + 95% air (n = 8; hypercapnia). In addition these parameters were studied during stepwise increasing doses of isoproterenol, a j3-receptor agonist (n = 8).
Results Inhalation of 5% COz + 95% air increased FP A (24 ±: 12%, P < 0.001), P A (26 ±: 13%, P < 0.001) and POBF (15 ±: 8%, P = 0.002). Inhalation of 100% Oz decreased FPA (-5 ±: 7%, P = 0.027), but did not change P A or POBF. The effect of 100% Oz inhalation on FP A in the optic disc was more pronounced (-11% to -20%) than in the macula.
The validity of new methods for regional bloo d flow measurement is normally tested by comparison with a criterion standard. However, no generally accepted standard method exists for the assessment of choroidal perfusion. An excellent overview of the limitations of currently available techniques has recently been published by Kie1. 1 Hence novel approaches can only be validated on the basis of comparison between methods and investigations on the sensitivity to detect changes in choroidal bloo d flow.
We have recently introduced a new metho d for the investigation of choroidal blood flow in humans, which measures distance changes between cornea and retina during the cardiac cycle ? Our previous results indicate that this method is able to detect small changes in pulsatile choroidal blood flow. Namely, we have shown a dose-dependent increase in fundus pulsation during stepwise increasing doses of isoprotereno e and a strong dependence of fundus pulsation on arterial carbon dioxide tension (pC02). 4 , 5 In the companion paper 6 we have shown that there is a high association between laser interferometrically measured fundus pulsation and pneumotonometrically measured pulse Eye (ZOOO) 14, 46-5Z © 2000 Royal College of Ophthalmologists amplitude (P A) and pulsatile ocular blood flow (POBF). The present investigations studied the effect of different pharmacological stimuli on the pulsatile component of ocular blood flow as assessed with pneumotonometry and laser interferometry. Whereas the investigations presented in the companion paper focused on the correlation between subjects under baseline conditions, the present studies were designed to characterise the within-subject correlation during perturbations.
Methods

Subjects
The study protocols were approved by the Ethics Committee of Vienna University School of Medicine. The studies were performed in male and female non-smoking subjects, aged between 19 and 35 years (studies A, D and E: n = 8; studies B and C: n = 10). All participating subjects were informed of the nature of the study and signed a written consent. Each subject passed a screening examination that included medical history and physical examination, and 12-lead electrocardiogram. Subjects were excluded if any abnormality was found as part of the pretreatment screening. Additionally, an ophthalmic examination was performed in each subject prior to the study day. Inclusion criteria were normal ophthalmic findings, ametropia of less than 3 dioptres, and an ametropia difference between the two eyes of less than 1 dioptre. In all subjects the right eye was studied.
Experiment design
Study A
The effect of breathing 5% CO 2 + 95% air on ocular haemodynamic parameters was investigated. Fundus pulsation amplitude (FP A) in the macula, P A, POBF, systemic blood pressure, pulse rate and blood gases were measured at baseline and after 10 min of inhalation.
Study B
In another study the effect of 5% CO2 + 95% air breathing on regional FP A was assessed. FP A was measured at five preselected retinal points from 10° temporal to 10° nasal to the macula along the 0° meridian.
FP A, systemic haemodynamics and blood gases were measured at baseline and after 10 min of inhalation.
Study C
Additionally we investigated the effect of 100% O2 breathing on ocular haemodynamic parameters. FP A in the macula, P A, POBF, systemic blood pressure, pulse rate and blood gases were measured at baseline and after 10 min of inhalation.
Study D
The effect of 100% O2 inhalation was also investigated on FP A in the optic disc. Measurements were performed at points 1, 3, 5 and 7 as defined in the companion paper. 6 Points 1 and 3 were located at the neuroretinal rim, points 5 and 7 at the cup. FP As, systemic haemodynamics and blood gases were measured at baseline and after 10 min of inhalation.
Study E
One study was performed to investigate the haemodynamic effects of isoproterenol, a non-specific l3-adrenoceptor agonist. A 20G plastic cannula (Venflon, Viggo-Spectramed, Helsingborg, Sweden) was inserted into an antecubital vein. Subjects received infusions of stepwise increasing doses of isoproterenol (Isuprel, Winthrop Breon Laboratories, New York, NY; doses 0.05, 0.1, 0.2, 0.4, 0.8 f.Lg/min). Infusion period was 10 min per infusion step. Measurements of fundus pulsations, P A, POBF, blood gases and systemic haemodynamics were performed in the last 5 min of each infusion step. Pulse rate and a real-time electrocardiogram were monitored continuously during the study period.
Fundus pulsation measurements and pneumotonometric measurement of pulsatile ocular blood flow These methods are described in detail in the companion paper. 6 The investigator who assessed the fundus pulsation measurements was masked to the intervention and to the results of pneumotonometry.
Non-invasive measurement of systemic haemodynamics
Systolic and diastolic blood pressure (SBP, DBP) were measured on the upper arm by an automated oscillometric device. Pulse pressure amplitude (PP A) was calculated as SBP-DBP, mean arterial pressure (MAP) was calculated as 1/3 SBP + 2/3 DBP. Pulse rate (PR) was automatically recorded from a finger pulse oximetric device (HP-CMS patient monitor, Hewlett Packard, Palo Alto, CA).
Gas delivery and blood gas analysis
All gases were delivered through a partially expanded reservoir bag at atmospheric pressure under nasal occlusion. Blood gas values were determined from arterialised capillary blood samples of the earlobe. After spreading the earlobe with nicotinate plus nonylvanillamid ointment (Finalgon, Thomae, Biberach, Germany) to induce capillary vasodilation a lancet incision was made. The blood was drawn into a glass capillary. Arterial pH, pC02 and pOz were determined with an automatic blood gas analysis system (A VL 995-Hb, Graz, Austria).
Data analysis
Results
To correct for heart rate changes during isoproterenol infusion we calculated a corrected fundus pulsation amplitude as FPAC = FPA X [PR(iso)/PR(bas)]. In this equation PR(iso) is the pulse rate during isoproterenol infusion and PR(bas) is the pulse rate during baseline conditions. The association between the percentage changes in FP A, FP AC, P A and POBF induced by changes in CO2 and isoproterenol was calculated by linear regression. The effect of 5% CO 2 + 95% air inhalation and 100% O2 inhalation from baseline was assessed by paired t-tests. The effect of isoproterenol was assessed by repeated measures ANOV A. Data are presented as the mean ± SD. A P value < 0.05 was considered significant.
Effects of high peo2
Study A Baseline value for FP A was 3.5 ± 1.2 ILm, for P A 2.4 ± 0.4 mmHg and for POBF 924 ± 158 ILl/min. The association between individual hypercapnia-induced changes in FP A and pnemotonometric parameters is depicted in Fig. 1 . The association was significant between FP A and P A, but did not reach significance between FP A and POBF. Inhalation of 5% CO2 + 95% air produced a 24 ± 12% increase in FPA (p < 0.001), a 26 ± 13% increase in PA (p < 0.001) and a 15 ± 8% increase in POBF (p = 0.002). As expected we observed an increase in pC02 from 37.8 ± 2.4 mmHg to 46.9 ± 2.4 mmHg during inhalation (p < 0.001). Additionally, 
Stlldy D
Breathing 100% O2 decreased FPA at all measurement sites in the optic disc ( Table 2 ). The reactivity at the neuroretinal rim (point 1: -11 :+:: 9%, p = 0.018; point 3:
-13 :+:: 11%, P = 0.009) was lower than at the cup (point 5:
-15 :+:: 6%, P = 0,004; point 7: -20:+:: 7%, p = 0.027).
Again, we observed an increase in p02 (from 98 :+:: 8 mmHg to 465 :+:: 54 mmHg, p < 0.001), but not in pH and pC02. Systemic haemodynamics were not altered by hyperoxia (data not shown).
Effects of isoproterenol
Isoproterenol caused a dose-dependent increase in FP A (p < 0.001, maximum effect: 31 :+:: 10%), PA (p < 0.001, maximum effect: 26 :+:: 8%), POBF (p < 0.001, maximum effect: 41 :+:: 13%) and FPAC (p < 0.001, maximum effect:
43 :+:: 6%). We observed a high degree of association between isoproterenol-induced changes in FP A and POBF ( Fig. 2 ; %change in POBF = 1.51 + 1.36 X %change in FP A), but the regression line was significantly steeper than the 450 line (p = 0.012). The correlation between FPA and P A (% change in P A = -4.03 + 0.67 X % change in FP A) was also significant with a regression line flatter than the 45° line (p = 0.028). We also observed a strong association between isoproterenol-induced changes in FP AC and P A or POBF ( Isoproterenol dose-dependently increased SBP from 120 ± 13 mmHg to 133 ± 9 mmHg at the highest dose 
Discussion
Effects of high peo2
It is well established that the retinaf -9 and the choroidaI 4 , 5 , 7 , lO -12 circulation show a high reactivity to changes in pCO z . The observed increase in FP A, P A an d POBF during hypercapnia in the present study corroborates these previous findings in the choroid. The FP A response to hypercapnia was observed at five different measurement sites, which argues that at least near the macula the hypercapnic response does not show a wide local variability (Table 1) . Interestingly, one subject showed almost no ocular haemodynamic response to hypercapnia (Fig. 1) . This was evidenced by both laser interferometry and pneumotonometry. However, it must be kept in mind that both methods assess only the pulsatile component of ocular blood flow and it cannot be excluded that there was an increase in the steady flow component in this subject. Based on our results we cannot judge whether inhalation of 5% CO2 + 95% air produced a significant change in flow pulsatility, but no change in systemic blood pressure profile was induced by hypercapnia.
A high degree of association between hypercapnia induced changes in FP A and pneumotonometric parameters was observed. Due to the small number of subjects under study the correlation between FP A and POBF did not reach the level of significance. Nonetheless, our results argue that laser interferometry as well as pneumotonometry are capable of characterising effects of changes on pC02 on pulsatile choroidal blood flow.
Effects of high p02
Retinal blood flow shows a high reactivity to changes in p02. 13 -16 In contrast, the reactivity of choroidal blood flow to hyperoxia is small. 4 , 5 , lO -12 In the present study we observed a small but significant decrease in FP A, but no change in P A or POBF, during hyperoxia, although we increased p02 almost 5-fold. The fact that 100% O2 breathing produced a significant change in FP A, but not in POBF or P A, could simply be explained by the better reproducibility of laser interferometric as compared with pneumotonometric measurements.
17 , 18 An alternative explanation is that pneumotonometry provides a measure of global pulsatile blood flow, whereas FP A is focal in nature. Whereas we consistently found a small decrease in FP A during hyperoxia, 4 , 5 previous studies did not observe any reactivity of the choroid. 10 -12 The better reproducibility of the FP A measurements as compared with most other methods, as well as a shift from pulsatile to non-pulsatile blood flow during hyperoxia, could account for this discrepancy. The hyperoxic response of FP A in the optic disc was greater than that in the macula, which is in keeping with our previous findings. 4 , 5 We have speculated previously that in the optic disc both retinal and choroidal blood flow contribute to FP A, as the optic disc vasculature is supplied by both the central retinal artery and the posterior ciliary arteries. 19
A decrease in optic nerve blood flow during hyperoxia has also been observed with laser Doppler flowmetry, zo In contrast to our results, Riva and co-workers zo observed a higher reactivity at the neuroretinal rim than on the cup. However, it must be emphasised that laser Doppler flowmetry assesses blood flow in the capillary layers of the optic nerve and that the results are therefore not directly comparable.
Effects of isoproterenol
We have shown previously that isoproterenol increases FP A in a dose-dependent fashion ? , Zl This increase in FPA is mainly caused by the increase in systemic PPA, which is the driving force of pulsatile blood flOW, 21
a l though a direct [3-receptor-dependent vasodilation in the choroid cannot be excluded.
22
, z3 In the present study the increase in pulsatile choroidal blood flow during isoproterenol administration was evidenced from the increase in FP A, P A and POBF.
The association between isoproterenol-induced changes in FP A and pneumotonometric parameters was high. Whereas the correlation line between changes in FP A and P A almost matched the 45° line, the correlation line between FP A and POBF was considerably stee ,? er.
The FP A corrected for changes in pulse rate (FP AC) also showed a strong correlation with pneumotonometric parameters. Moreover, the correlation line between FP AC and POBF almost matched the 45° line, which argues that the discrepancies between POBF and FP A in describing ocular haemodynamic changes in response to isoproterenol are indeed caused by concomitant changes in pulse rate.
It must be emphasised that during isoproterenol administration neither pneumotonometric nor laser interferometric parameters can be used to describe changes in total ocular blood flow, if no additional information on flow pulsatility is available. Whereas PP A was increased during isoproterenol, DBP tended to decrease, which most likely increased flow pulsatility in the ocular vasculature. We have described this limitation of methods for the assessment of pulsatile ocular blood flow previously.
z4 , zs
Conclusions
The present study shows that there is a high association between laser interferometric and pneumotonometric parameters in characterising changes in the pulsatile component of ocular blood flow as induced by high pCO z , pO z and isoproterenol. This argues that FP A can be taken as a valid relative measure of pulsatile choroidal blood flow. In cases when significant changes in pulse rate are expected, FP A should be corrected accordingly. Moreover, our results indicate that FP A in the optic disc is influenced by both retinal and choroidal circulation. The contribution of the retinal circulation may be stronger in the cup than at the neuroretinal rim.
